Abstract-The Innoslab amplifier comprises a diode-laser partially end-pumped thin slab crystal and a folded single-pass optical amplification path. While this configuration differs in many respects from other slab amplifiers, it shares characteristics with partially end-pumped rod amplifiers. It combines outstanding thermal management, efficiency, and beam quality in the 100 W to 1 kW power range. In this paper, we review amplifiers for a wide range of operation regimes and laser materials.
of the conduction cooling of the slab and the beam shaping and homogenization of the pump radiation.
The Innoslab amplifier configuration was developed in 1998 and a very encouraging output power of more than 50 W at 13 ps pulse duration could be demonstrated with an amplifier shipped to the Australian National University. Fig. 1 provides a short overview of the major development steps including the foundation of spin-off companies with the Innoslab as their core product. Important achievements were the demonstration of about 1 kW continuous wave (cw) output power out of a single crystal oscillator in 2002 [3] and the demonstration of a bandwidth-limited MOPA for LIDAR applications providing 80 mJ pulse energy at about 30 ns pulse duration at very high efficiency [4] . Since ultrafast pulses became important for industrial applications, the demonstration of 400 W output power at 11 ps pulse duration with Nd-doped crystals [41] and 1.1 kW output power at about 600 fs pulse duration with Yb-doped crystals [54] pave the way for high precision, high throughput processing with ultrashort pulses for industrial processes.
The following section provides a brief history and overview of earlier or other designs of slab-based amplifier modules. In this text the following definition of "slab laser" is used: a slab laser has at least one transverse dimension of the gain medium, which is significantly smaller than the longitudinal beam path inside the gain medium. At least four crystal surfaces have a rectangular shape. By this definition slab lasers/amplifiers can be distinguished from other configurations, such as disk lasers/amplifiers.
Historically slab lasers have been "face pumped" by lamps through the large surfaces leading to pump absorption more or less in the entire crystal volume. The large surfaces are also used for cooling by transparent fluids or gases, thus providing onedimensional heat flow. As a third function, the large faces reflect the laser beam, thereby providing a zigzag beam path between the cooled surfaces which compensates for thermal-lens effects [6] , [7] . The two end faces are antireflection coated for the amplified laser beam. In early designs Brewster cut end faces were used to suppress parasitic oscillations. Face-pumped slabs have at least four optical grade polished optically functional surfaces.
In a next development step flash-lamps for pulsed pumping and arc-lamps for continuous pumping were replaced by stacked diode laser arrays. Better absorption of the diode emission allowed for a smaller slab cross section and improved efficiency. The high optical brightness of the diode lasers allows for pumping through the small side faces [5] or end faces [6] of the slab. This makes it possible to use conductive cooling as an option. In these configurations the complete crystal volume is pumped. The slab crystal has four to six optical grade polished functional surfaces. The pump arrangement of these slab lasers is comparably compact, but significant effort has to be spent into suppression of parasitic oscillations caused by the multiple reflective surfaces as well as reduction of thermally induced distortions. Measures taken to prevent these effects include coated edges, undoped sections bonded to the slab or a zigzag beam path for the amplified laser beam. For further beam quality improvement phase conjugating concepts were demonstrated [6] . Taking a look at commercial products based on these "conventional" designs, we see that slab lasers from companies such as CUTTING EDGE OPTRONICS (diode-pumped OEM amplifier module), QUANTEL (QCW diode-pumped amplifier for operation in space) and LASAG (QCW lamp-pumped oscillator for precision cutting applications) have found some niche applications where their performance justified the comparably high costs. An overview of several slab concepts is provided in [7] .
In order to achieve a better overlap of gain volume and amplified beam, waveguide-based slab designs have been investigated [8] [9] [10] . The pump scheme is comparable to core-or cladding-pumped fiber lasers. The high aspect ratio pump apertures match well to the emission characteristics of diode laser arrays. Waveguide-based slab designs have six or even more optical grade functional surfaces or flat interfaces with index steps. Parasitic oscillations at high gain have to be considered carefully.
Further advanced slab designs make use of the capability of high power diode lasers to provide collimated pump light. Only the exploited gain volume is selectively pumped in a sidepump configuration. The transversally pumped multipass slab [11] provides a compact pump scheme and good performance in the multi 10 W power range. Several crystal materials have been demonstrated. The best performance is achieved with YLF crystals, if the crystal axis with weak thermal lensing is oriented in the direction of the propagating pump radiation. Another transversally pumped configuration is the bounce amplifier [12] . This compact design offers very high gain at multi 10 W average power.
All slab configurations except the Innoslab require more than two optically grade polished functional surfaces and have to cope with internal parasitic effects, especially in the pulsed mode, where very high gain occurs at the end of the pump phase. In transverse or side-pumping schemes, variations in pump absorption and temperature profiles may lead to degradation of the beam quality or the beam pointing.
As the gain in Innoslab amplifiers can be tailored by varying the shape of the gain volume, the number of beam passes and the cross section of the amplified beam, a large variety of gain media is compatible with the design. In particular results with Nd:YAG [4] , [22] , Nd:YVO 4 [40] [41] [42] [43] [44] , Yb:YAG [51]- [60] , Yb:KYW [13] , Tm:YLF [38] , Nd:YGG [27] have been published.
The Innoslab amplifier has been demonstrated in a large variety of applications and parameters. Examples are the amplification of ultra-low bandwidth emission of non-planar ring oscillators [20] , the amplification of nanosecond and picosecond pulses to the multi 100 mJ level [47] and the amplification of femtosecond pulses to more than 1 kW average output power [54] .
II. FUNDAMENTAL DESIGN AND FUNCTION
The Innoslab amplifier consists of two key components. Firstly, a partially end-pumped slab crystal and secondly an amplifier resonator, which folds the laser beam several times through the pumped volume (Fig. 2) . The slab crystal has two optical surfaces (z-direction), two large cooled mounting surfaces (y-direction), and two free surfaces (x-direction). It is endpumped on a rectangular cross section of a high aspect ratio, which only fills a fraction of the crystal in the y-direction and the full width in the x-direction. This geometry matches the characteristics of laser diode bars with the fast-axis in the ydirection and the slow-axis in the x-direction. The terms slowand fast-axis are used synonymously with x-and y-direction. The short distance between the pumped gain volume and the large cooled mounting surfaces allows for efficient heat removal. The one-dimensional heat flow in the y-direction establishes a homogeneous cylindrical thermal lens and avoids depolarization by birefringence. Parasitic lasing is suppressed by the grinding of the mounting and free surfaces. The hybrid amplifier resonator is a stable one in the small dimension of the gain volume, which is sustained by the thermal lens and the amplification profile. In the large dimension no thermal lens or gain profile shape the amplified beam, but the amplifier resonator does. Here, a confocal arrangement is normally used, which yields a beam expansion by a constant factor or magnification M at each round trip through the resonator (Fig. 2) . Additionally, the beam diameter grows due to the beam's divergence. Consequently, plane mirrors in unstable as in stable direction can also be used if the divergence is properly controlled.
The increase in beam cross section by the beam expansion in the unstable direction balances the power increase at amplification and keeps the intensity roughly constant. Besides the thermal management, this beam expansion is a key feature of the concept, because it yields a constant saturation and therefore efficient operation while simultaneously keeping the intensity evenly away from damage thresholds and allowing for small nonlinearity. Although multiple passes through the crystal are accomplished, it is still a single-pass amplifier, because a new section of the pumped volume is saturated at each pass, thereby collecting the smallest possible aberration per overall gain.
For high overlap efficiency the beam matches the pumped volume in the stable direction. In the unstable direction the profiles for the subsequent passes partially overlap in the crystal for efficient operation and to avoid beam deformation due to inhomogeneous gain. The distance between subsequent passes on the resonator mirrors is twice as large as in the slab crystal, if it is located in the center. This permits reasonably separated beams for input and output coupling to the resonator.
The slab crystal is end-pumped and therefore the pump radiation has to be superimposed on the laser radiation with one dichroic mirror, or two in case of pumping from both end faces. This can be a resonator mirror or an additional dichroic folding mirror (Fig. 3) . The seed beam is geometrically coupled into the resonator. It can be coupled in and out next to the (sharp) edge of a resonator mirror, exploiting the best beam separation, or with one or two additional scraper mirrors. These are necessary if a resonator mirror is used as dichroic mirror for pumping. In this case the beam has to be coupled in and out at the opposing resonator mirror. 
III. DISTINCTIVE PROPERTIES

A. Thermal Management
The geometry of the slab crystal allows for a reduction of thermally induced aberration compared to other geometries of laser media. For an elementary comparison, the established endpumped rod geometry is selected, and the following simplifying assumptions are made. The temperature on the cooling surface is constant, the radius of the pumped volume equals the laser beam radius, the thermal load is evenly distributed over the pumped volume, and the heat conductivity is constant and isotropic. Then the heat flow will be strictly radial in the case of rod geometry and one-dimensional in the case of slab geometry (Fig. 4) .
The thermal lens induced by the temperature profile and the thermo-optic coefficient χ has the focal length f R for the rod and f S for the slab respectively:
Here, P h is the thermal load, K is the heat conductivity and the meaning of the geometrical parameters is depicted in Fig. 4 . The thermo-optic coefficient χ summarizes the change of the index of refraction by temperature dn/dT and thermally induced surface deformations and stress [14] . The focal length scales with the pumped area in both geometries. Due to the 2-D heat conduction, the curvature of the temperature profile and focusing power is half as large for the rod as long as the heat density is the same.
The maximum temperature shift in respect to the cooling surface with the crystal length l is
This temperature shift must be below a critical value for efficient laser operation, but it does not determine the thermal aberrations.
To quantify and compare the thermally induced aberrations we make the reasonable assumption, that phase deformations are proportional to the thermally induced phase difference Δφ between the center and the edge of the laser beam acquired at one pass through the crystal. In this context the total phase difference Δφ is typically in the order of π. Beam quality degradations can be characterized by the phase aberrations, which are much smaller than π. The phase difference Δφ = klχ·ΔT is proportional to the temperature difference ΔT between the center and the edge of the pumped volume for rod and slab:
The temperature and phase difference is independent of the pumped area for the rod and it scales with the aspect ratio b/(2w S ) of the pumped area for the slab. The phase differences are related by Δφ S /Δφ R = 1.6 · 2w S /b. They are determined by the distance for the heat to travel and the area for heat removal. In a rod these terms scale equally with the pump radius, while in a slab the area for heat removal is increased and the distance for the heat to travel is simultaneously decreased by increasing the aspect ratio of the pump area (Fig. 4) . As a consequence, a high aspect ratio b/(2w S ) of the gain volume reduces the thermally induced phase difference Δφ and thereby the thermally induced aberrations in the slab geometry. For the scaling of Innoslab amplifiers the results can be easily conceived. An increase of the slab width b does not somehow affect the thermal conditions.
B. Beam Expansion
The optical path inside an Innoslab amplifier undergoes a beam expansion during amplification. This expansion is favorable for all kinds of amplifiers as it balances the opposing requirements for efficiency, optical load and beam quality. An efficient power or energy extraction requires an intensity or fluence throughout the laser crystal, which is several times the saturation intensity or saturation fluence. On the other hand, the optical load of the surfaces of the laser crystal limits the intensity and fluence to a fraction of the damage threshold. To balance both, the cross section inside the laser crystal has to be adapted according to the increasing average power.
To improve the beam quality of the amplified beam, wavefront distortions have to be minimized, in particular if there is no spatial filtering. Wavefront distortions are induced by the thermal load of the laser crystal. As described in Section III-A phase aberrations scale with pump power at a given amplifier geometry. The smallest wavefront distortions are gathered up in the gain volume if it is saturated by a single pass. This favors a single-pass amplifier firstly and also implies beam expansion for the reasons discussed before. Innoslab amplifiers inherently fulfill both requirements.
C. Beam Shaping
The beam profile of an Innoslab amplifier is fundamentally different in the slow-axis and fast-axis (x-and y-direction in Fig. 2 ). In the fast-axis a Gaussian beam profile can be achieved as in a rod-based laser by proper mode matching. In the slowaxis, geometrical access to the unstable resonator formed by the two mirrors in Fig. 5 always implies truncation and spatial filtering of the in-and out-coupled beam. This results in a sinc-like beam pattern in the far-field, shaped by the obstructing edges of the right mirror in Fig. 5 and the laser crystal [52] . At the input, diffraction at the edges can be minimized by increasing the distance δ in w in of the in-coupled beam of radius w in to the diffracting edge. But the situation is much more complex for the out-coupled beam. During amplification the beam profile is influenced by the distance δ n (w n + w n +1 ) of adjacent beams n and n+1 in the laser crystal. Because the gain is strongly saturated at the beam center, the gain at this position is lower compared to the edges of the amplified beam. This effect is mitigated, however, by the overlap of adjacent beams. Large distances of adjacent beams δ n (w n + w n +1 ) result in a widening and deformation of the beam profile and only a marginal reduction of diffraction at out-coupling and vice versa [52] .
The consequence is a complex interplay of several factors: the number of passes, magnification, input beam parameters and beam profile, distance to the edges at incoupling and overall gain. Properly balanced, beam deformation by gain saturation is negligible. However, a prominent sinc-like diffraction pattern at out-coupling cannot be completely avoided, but can be minimized. When an additional spatial filter is used, the beam profile and beam quality can be easily improved ( Fig. 20) with only a small loss of power.
D. Amplifier Properties
Based on the design considerations discussed before, the following characteristics have to be emphasized: -Simple single-pass amplification (Fig. 2 ).
-High intrinsic efficiency due to a good overlap of amplified mode and pumped volume. (4), fast-and slow-axis focusing group (5), dichroic mirror (6) and focal plane (7).
IV. OPTICS FOR PUMP RADIATION DELIVERY
The beam quality of high power diode laser stacks is significantly lower in the slow-axis direction compared to the fast-axis direction. Therefore, the fast-axis is commonly focused onto a plane located close to the entrance surface of the slab crystal to be pumped (focal plane), while the slow-axis is homogenized to achieve a top-hat intensity distribution which is typically 10 to 100 times wider than the Gaussian fast-axis intensity distribution. Thanks to the top-hat distribution in the slow-axis direction a temperature gradient inside the crystal in this direction can be avoided. In addition, the homogenization reduces the effect of degradation of single emitters or bars and thereby increases the reliability of the overall system.
To homogenize the slow-axis, the far-field intensity distribution is segmented by a light mixing duct, and the segments are overlaid in the exit plane of the duct [15] , [16] . The divergence of the slow-axis is increased by focusing it onto the entrance surface of the light mixing duct. Thereby, a sufficient number of reflections for homogenization of the slow-axis intensity distribution can be achieved with a short light mixing duct. The exit surface of the light mixing duct is imaged in the slow-axis direction on the fast-axis' focal plane. The pump optics consists of five groups as shown in Fig. 6 , namely, the cylindrical focusing group (2), the light mixing duct (3), the cylindrical slow-axis collimation (4) and the spherical fast-axis and slow-axis focusing group (5). The dichroic mirror (6) is used for separation of the laser beam.
The magnification of the slow-axis imaging optics is determined by the ratio of the slab's and light mixing duct's widths. The effective focal length of the focusing group is given by the desired pump height as well as the fast-axis divergence and size of the diode laser stack. Depending on the effective focal length of the focusing group and the back focal length, which is defined by the size of the dichroic mirror, a retrofocus configuration can be chosen for the focusing group.
V. NUMERICAL SIMULATION OF INNOSLAB AMPLIFIERS
Theory and simulation of physical processes is crucial for guiding and interpreting experiments. Beam profile development and amplification in Innoslab amplifiers are complex and intrinsically spatially inhomogeneous processes which makes an analytical treatment virtually impossible, so only numerical methods are likely to yield valuable results.
The first numerical simulations of laser oscillators were published by Fox and Li [17] . The basic procedure of numerically propagating the light beams through the optical system and treating amplification by sheets of amplifying media is still being employed in laser simulations. Besides the seminal work of Fox and Li other methods such as the beam propagation method and finite element method have been developed.
The main prerequisite of the Fox and Li scheme is the assumption of full coherence, which is violated in general in high Fresnel number oscillators. With the input beam being fully coherent, however, the coherence of the beam passing the amplifier is preserved except for noise introduced by spontaneous emission and ASE (amplified spontaneous emission). The main challenge in simulating the propagation of light fields in Innoslab amplifiers is the large effective Fresnel number. The geometric Fresnel number is given by F geom = b 2 / (λL), with b the larger transverse dimension, L the propagation length and λ the wavelength. For the effective Fresnel number, significant for numerical propagation, the effective dimension a eff = αL has to be employed, with α the angle between the mirror surface normal and the propagation direction. With α = 5
• , L = 100 mm and λ = 1 μm F eff = 760. The phase on the mirrors changes by F eff · 2π across a eff . As a rule of thumb, at least 10 grid points per 2π phase change have to be taken for the simulation grid in order to get sufficient resolution to describe the light field. Even in a 2D-simulation up to several 10 000 grid points have to be used and with 3D-simulations this number has to be multiplied by a factor of 50 to 100.
The propagation through the amplifying crystal is subject to aberrations caused by temperature-and stress-induced index variations. The absorbed pump power is only partly transferred to the amplified light field, the rest is dissipated to heat. The conversion efficiency is not a constant but, in addition to other factors, depends on the local light intensity, which implies spatial variations of the dissipated heat and temperature. This leads to temperature-induced mechanical stress, with the largest stress values at the edges of the crystal. The index of refraction is a function of both temperature and stress. Although the index variations are dominant perpendicular to the beam propagation direction, the numerical step size within the crystal has to be sufficiently small in order to account for the index-induced phase aberrations during propagation.
In the simulation of cw amplifiers the light field, temperature and stress can be computed iteratively until a steady state has been established. Some numerical results for Innoslab amplifiers can be found in [52] . In pulsed systems this no longer works. In this case light field, temperature and stress have to be computed time-dependently. Together with the required high spatial resolution this results in high computation times. If all the effects discussed here are to be taken into account, efficiently implementing all the computing modules is crucial to make the numerical simulations relevant for developing and improving Innoslab amplifiers.
VI. DESIGN LAYOUTS
The basic layout described in Sections II and III can be further differentiated into amplifiers optimized for cw or high repetition rate, quasi continuous wave (QCW) or burst mode amplifiers, amplifiers with a high energy extraction per pulse and amplifier chains:
A. Continuous Wave and High Repetition Rate
Amplifiers for cw operation or those for pulse trains with repetition rates much higher than 1/τ u with τ u as the upper state lifetime are primarily optimized for a high efficiency at high overall gain. This translates into high pump intensities, so that a high gain can be achieved, and into laser intensities during amplification well above the saturation intensity I sat (λ l ) at the lasing wavelength λ l , so that a high efficiency can be achieved. In the case of 3-level and quasi-3-level laser systems such as Yb:YAG pump intensities have to be well above the saturation intensity I sat (λ p ) at the pump wavelength λ p . Pump intensity and laser intensity are limited by the brightness or radiance of the pump source and the damage threshold of the laser crystal and coatings involved. Heat removal is not an issue in most cases, but the short focal length of the cylindrical thermal lens is.
The balance between efficiency and damage threshold results in a target pump intensity. At a given pump intensity, the thermal lens in fast-axis results in a favorable (maximal) pumped line height 2w s (Fig. 4) . The scaling of the average power is achieved by the slab width b only. The gain is adjusted by the number of passes throughout the laser crystal. The overall gain is generally limited to a factor of approx. 10 3 by the onset of parasitic oscillations inside the unstable resonator of the amplifier.
B. Quasi Continuous Wave and Burst Mode
QCW or burst mode involves a pulsed pump source in this context. This gives additional design freedom of the amplifier geometry. At a given intensity of the pulsed pump source, the thermal load, aberration and lens can be reduced by the duty cycle. This can be used to scale the pumped area in fast-axis and by that the average power during the amplification period without compromising efficiency and beam quality.
C. High Pulse Energy
High pulse energies (mJ and higher) imply a significant temporal variation of inversion and gain inside the laser crystal. Energy is stored inside the laser crystal during a pump period in the order of the upper state lifetime and is released by the amplification of a single laser pulse. To store as much energy as possible, the pulse interval of these laser systems lasts longer than the upper state lifetime τ u , which is typically in the range of 100 μs to 10 ms. For this kind of operation, two additional constraints arise by increased requirements to prevent optical damage and parasitic oscillations.
For high energy extraction and efficiency, a fluence of the amplified pulse is necessary inside the laser crystal in the order of the saturation fluence F sat (λ l ). This is opposed to the damage threshold of the laser crystal and the optical coatings, which therefore limits the extraction efficiency and storable energy.
Because the pump period occurs before the pulse amplification, parasitic oscillations start without competition from the pulse amplification. The stored energy for the pulse amplification and the extraction efficiency are reduced. This gives a limit for the storage-gain along the amplification path of about 1000 and a compromise between extraction efficiency and overall gain.
D. Amplifier Chain
Innoslab amplifiers can be supplemented by further amplifier stages to increase power, pulse energy and gain. This can also be achieved by increasing the crystal width b together with a higher number of passes in a single stage. But from a certain power, amplifier chains composed of standardized building blocks are simpler. Innoslab amplifiers with the same folded beam path can be cascaded. The more convenient way is to truncate the incoming beam by the geometric in-and out-coupling of the first stage once and to develop the additional stages into booster stages without additional geometrical truncation (Fig. 7) . These booster stages can be viewed as an addition to the last pass of the first amplifier by imaging the truncated output beam of the first stage in the slow-axis to the laser crystal of the booster stage(s). In the fast-axis the same propagation as between successive passes inside the first stage can be achieved by similar imaging optics.
The difference to an Innoslab amplifier with folded beam path is that a spatial filtering or feed-back by edges or overlapping of adjacent beams in the slow-axis is absent. Hence gain saturation tends to shape the beam into a top-hat profile inside the booster amplifier, increasing side lobes in the far-field. All other properties of the initial setup are preserved.
VII. ACHIEVEMENTS
A. Single-Frequency Amplifier
Nonplanar ring oscillators (NPRO) based on monolithic laser crystals are state-of-the-art sources for the generation of singlefrequency emission at comparably high output power. [18], [19] . However, extremely sensitive interferometers and other fundamental research experiments as well as efficient cw frequency conversion for commercial applications require much higher output power. To achieve an output power of 40 W an Innoslab amplifier was adapted to the 1.2 W output power of an available NPRO [20] . A configuration with 4 beam passes was selected in combination with a 10 mm × 10 mm × 1 mm Nd:YVO 4 crystal as gain medium.
The large surfaces of the slab laser crystal are soldered to a water cooled heat sink. There is no contact of the cooling water to the crystal. This configuration reduces the introduction of acoustic noise by the water flow to the amplified signal. We demonstrated that the Innoslab amplifier adds almost no noise to the NPRO signal above a frequency of 10 kHz and less than 10 dB at lower frequencies (Fig. 8) . Frequency tuning over the full NPRO range of 30 GHz results in an output power variation below 7%.
B. ns-Amplifier
The Innoslab architecture has successfully been applied to amplifier stages in the nanosecond pulse duration regime. The development started about ten years ago mainly for applications in the field of materials processing. Here, high average power, high repetition rate up to the 100 kHz range and high beam quality are important design drivers.
The development of laser sources for airborne and spaceborne LIDAR applications in the field of atmospheric research started a few years later. Here, lower repetition rates below 1 kHz but higher pulse energies of several 10 mJ at high beam quality, very high efficiency and robustness are crucial design drivers. Usually, single-or double-pass amplifiers are used in this parameter regime where the architecture is based on side-pumped rods [21] or zigzag slabs. Side-pumping usually leads to compact pump setups but to low overlap efficiencies. The Innoslab architecture offers a very good combination of high efficiency at moderate and constant fluences, high beam quality and compactness to meet these stringent requirements.
If the exact emission wavelength is not an important requirement as in optical parametric oscillator (OPO) pumping, Nd:YAG is typically chosen as the active medium for LIDAR systems. For direct wavelength generation, the Innoslab architecture can be adapted to the needs of more unfamiliar laser crystals, which are compositionally tuned to the application wavelength. This was successfully done for the development of laser sources at 935 nm wavelength for water vapor DIAL (Differential Absorption LIDAR) instruments.
All these kinds of systems will be described further. An overview of the main optical properties of different amplifier stages is given in Table I .
1) Nd:YAG Laser at 1064 nm for LIDAR Applications:
Development started with a pre-development laboratory model of the ATLID laser source for the spaceborne atmospheric backscatter LIDAR instrument named ATLAS [4] developed for the ESA (European Space Agency). Based on this setup, three tailored pump-laser sources were developed for the airborne LIDAR systems A2D2G and CHARM-F [22] . A2D2G is designed to measure wind profiles based on the Doppler shift of the backscattered photons at 355 nm of the frequency tripled pump source at 1064 nm. CHARM-F will be used to measure column-averaged volume mixing ratios of CH 4 and CO 2 measured by integrated path differential absorption (IPDA). The light pulses at the measurement wavelengths of 1645 nm and 1572 nm, respectively, are generated in OPOs or optical parametric amplifiers (OPA).
All three airborne laser sources (A2D2G, CHARM-F-CH 4 , CHARM-F-CO 2 ) have an identical optical architecture up to the first Innoslab amplifier stage, which is very similar to the ATLAS setup. A Q-switched stable oscillator that is injection seeded and cavity controlled generates laser pulses of 30-40 ns pulse duration at about 8 mJ of pulse energy and nearly diffraction limited beam quality [4] , [22] . In both CHARM-F-lasers pulse pairs with 500 μs temporal separation between both pulses are emitted at 50 Hz repetition rate. This is required for low error IPDA measurements of fast varying measurement volumes. In case of A2D2G and ATLAS single pulses with 100 Hz repetition rate are emitted. The pulses are amplified in a seven-pass Innoslab amplifier stage to about 85 mJ of pulse energy. In the A2D2G and CHARM-F-CO 2 system these pulses are amplified to about 150 mJ pulse energy in a second two-pass Innoslab stage. The principle optical setup is depicted in Fig. 9 . Typically, the amplifier stages have an optical to optical efficiency of 20 to 25% when the pump light after all pump optics as input energy and the extracted pulse energy as the output are taken into consideration. The transfer efficiency of the pump optics has to be considered separately.
For all amplifier stages Nd:YAG slab crystals with an optical aperture of 18 mm × 4 mm, a length of 20 mm and a Nd-doping level of 0.7 at% are used. The slabs are pumped at a height of about 1.8 mm by beam-shaped commercially available passively cooled fast-axis collimated diode stacks. The thermal lens in the fast-axis direction has a focal length of about 3 m at the working point according to calculations at 100 Hz repetition rate and 50 Hz dual pulse operation. The geometrical length of one amplifier pass for all systems is 100 mm. A geometrical magnification M = 1.4 is applied to the beam in the seven-pass case. Due to the low amplification factor of about 2 no beam expansion is applied between both passes of the two-pass booster stage. The peak fluences are in the range of 4-6 J · cm −2 for all passes, which is well below typical damage threshold values. This is crucial for long lifetimes.
Beside efficiency and beam quality the spectral beam properties are essential for many LIDAR applications. For the ATLAS amplifier stage the spectral width before and after the amplifier was measured with the heterodyne technique [4] . The pulse duration of the oscillator is 36 ns (FWHM), the spectral line width 15 MHz (FWHM) and the TBP (time-bandwidth-product) 0.49. For the 7-pass amplifier stage the pulses are shortened to 30 ns at a spectral line width of 17 MHz, but the TBP of 0.51 is virtually conserved by the Innoslab amplifier stage.
The pump-laser section of the CHARM-F-CO 2 system including the oscillator and both amplifiers is depicted in Fig. 10 . The frequency converter stages will be mounted on the opposite side of the laser plate.
2) Nd:YGG-LIDAR at 935 nm:
In a feasibility study for spaceborne water vapor DIAL systems the adaption of Innoslab amplifiers to different crystal material is currently being investigated. The relevant absorption lines around 935 nm can be addressed by Nd:YLuGG ((Y x Lu 1−x ) 3 Ga 5 O 12 ) mixed garnet crystals with the composition x ∼ 0.58 [23] , [24] . The prop- Fig. 10 . Pump-laser section of the CHARM-F-CO 2 -system including the Qswitched single-frequency oscillator and two Innoslab amplifier stages. The setup has a footprint of 500 mm x 834 mm, including the harness connector box not shown here. (The disc that covers oscillator section on right-hand side is a fiber spool for the safe storage of the passive transport fibers for the oscillator pump radiation.). erties of such a laser source have been theoretically and experimentally analyzed in a laser based on Nd:YGG, which is a Nd:YLuGG-crystal with the special composition x = 1.0 [24] [25] [26] [27] and having similar properties to the fine-tuned composition. The main drawback of these materials is the emission cross section of about 1.5 × 10 -20 cm 2 at 935 nm which is about a factor of 17 smaller than in Nd:YAG at 1064 nm. Some further disadvantages are strong thermal lensing and the risk of parasitic lasing at 1062 nm, with a ten times larger emission cross section than at 935 nm and reabsorption due to the quasi-3-level characteristics. The design of the Innoslab amplifier has to be adapted to these crystal properties to perform properly. Due to the small emission cross section, the efficient energy extraction needs higher fluences and, therefore, smaller spot sizes and more passes through the gain medium.
The schematic setup is depicted in Fig. 11 . Nearly diffraction limited pulses of 4.3 mJ pulse energy at 50 ns pulse duration are generated in a rod-based, stable, Q-switched, injection seeded oscillator at a repetition rate of 100 Hz. The pulses are amplified in a 13-pass Innoslab amplifier to about 30.5 mJ. For this amplifier stage a slab crystal is used with an optical aperture Fig. 11 . Nd:YGG-based MOPA system at 935 nm designed for water vapor DIAL systems [27] . of 14.8 mm × 2 mm, a length of 15 mm and a Nd-doping concentration of about 0.8 at%. It is partially pumped at a height of 0.9 mm. The geometrical length of one amplifier pass is 70 mm. The thermal lens in the fast-axis direction has a focal length of 225 mm at the operating point. Due to the low amplification factor, both resonator mirrors of the amplifier are plane in the slow-axis and the beam is only expanded by divergence in the slow-axis. In order to match the laser mode to the pump height, the mirrors are convex in fast-axis. In comparison to the saturation fluence of 14 J · cm −2 , the peak fluence of 2-5 J · cm -2 for all crystal passes is low, increasing with the pass number. Due to the low fluences the optical-optical efficiency is about 3.2% and much smaller than for Nd:YAG Innoslab amplifiers at 1064 nm, but is comparable to laser systems based on efficiently pumped OPOs or Ti:Sapphire lasers at 935 nm of about 3-4% [24] .
The Nd:YGG setup was successfully used in ground-based water vapor DIAL measurements, where excellent spectral purities of better than 99.996% could be demonstrated [28] . The spectral bandwidth is <28 MHz (peak value) and <14 MHz (mean value) [27] , and the TBP 0.73.
While it was shown that this kind of laser concept can meet the stringent requirements for water vapor DIAL measurements two main issues have to be clarified and experimentally proven for a spaceborne water vapor DIAL system. Firstly, the Nd:YGGcrystals have to be replaced by spectrally tuned Nd:YLuGG crystals with the composition x ∼ 0.58 in order to address spectrally all relevant absorption lines. Secondly, the pulse energy has to be doubled for example in a subsequent amplifier stage. Currently, both issues are being investigated.
3) Outlook: Presently, the Nd:YAG-based systems are being further developed for spaceborne systems consisting of an oscillator and one Innoslab amplifier stage. While the optical architecture can be transferred from the airborne systems, the mounting technology has been improved in order to fulfill the strong requirements for robustness and lifetime.
As the quality of most of the LIDAR measurements depends more on the pulse energy than on the repetition rate, the scalability of individual Innoslab amplifier stages to higher pulse energy up to the Joule level is being investigated.
The direct generation in tailored crystal materials such as Nd:YGG is a promising technology for further applications. For example, the methane absorption lines at 1645 nm have been successfully addressed in Er:YLuAG crystals [32] , [33] and Ho:YLF is a promising candidate for CO 2 IPDA measurements at 2051 nm [34] . This requires a detailed design of all relevant Innoslab amplifier properties matched to the particular crystal material. 
4) Er/Tm/Ho-Innoslab Amplifier:
The good matching of Innoslab amplifiers to brilliant high power diode lasers enables high pump intensities throughout the gain volume. Therefore, the Innoslab concept is particularly beneficial for resonantly pumped laser materials with emission in the IR-B spectral band, i.e. Er 3+ -doped crystals at 1.6 μm and Ho 3+ -doped crystals at 2 μm emission wavelengths. Because of the thermal population of the lower laser level, high inversion levels are required along the length of the crystal. These dopants exhibit small emission cross sections in this spectral region on the order of 5 × 10 −21 cm 2 and suffer from significant upconversion effects which limit the feasible doping level to below 1% [35] , [36] . This results in laser crystal lengths of 50 mm and more and in low gain.
The small emission cross section corresponds to a large saturation fluence (about 20 J/cm 2 for Er:YAG at 1.6 μm and 4 J/cm 2 for Ho:YLF at 2.0 μm), which needs to be exceeded in order to extract more than about 50% of the stored pump energy in the laser crystal. The Innoslab's degree of freedom in beam expansion over the amplification process is an important asset here.
Bollig et al. used an Innoslab-like architecture to generate single-frequency laser pulses at 2 μm with pulse energies of 200 mJ from Ho:YLF and Ho:LuLF slab crystals [37] . In the absence of pump diodes with high spectral and spatial brightness, a Tm-based Innoslab oscillator generating a line-shaped laser beam at 1.9 μm was used for pumping.
Based on the Innoslab architecture, a Tm/Ho-MOPA-chain has been designed for CO 2 -LIDAR measurements at 2051 nm. Trains of at least two consecutive single-frequency laser pulses with 40 mJ and 20 mJ are required as the online and offline pulses for differential absorption LIDAR. Up to now the Tm:YLF Innoslab pump laser has been realized and provides 200 W of optical output power at 1.9 μm in cw operation [38] .
The amplifier design for the quasi-2-level electronic system is assisted by the simulation of a spatially and temporally resolved solution of the laser rate-equations of both multiplet and Starklevel populations. In Fig. 12 , the predicted pulse energy and the fluence on the laser crystal facets are plotted over the number of amplifier crystal pass. While the pulse energy is amplified by an order of magnitude the variation of the fluences is limited to a factor of two. The planned architecture for the Tm/Ho-MOPA is sketched in Fig. 13 . For scaling the pulse energy of single-frequency laser pulses with a wavelength of 1645 nm, a similar Er 3+ -doped, Lu 3+ -codoped YAG Innoslab-amplifier is under development. At a repetition rate of 100 Hz pulses of 80 ns duration will be amplified from 3 to 40 mJ.
C. ps-Amplifier 1) High Repetition Rate:
For the high speed precision structuring of large surfaces, those may consist of different materials such as steel and ceramics, an almost diffraction-limited picosecond laser of several 100 W is required. Such laser systems have been realized by Innoslab MOPA systems (Table II) . For the system shown in Fig. 14, seeding pulses with 10 ps duration at 1064 nm wavelength and 3 W average power are provided by an industrial laser system in MOPA configuration (Lumera Rapid) [39] or an oscillator with Watt level output power. The first system generates a tailored distribution of energy into groups of pulses (pulse trains) at a repetition rate as high as 1 MHz whereas the 10.7 MHz oscillator runs with a fixed repetition rate.
The Innoslab amplifier consists of a 1 mm thick Nd:YVO 4 crystal, 10 mm long and 24 mm wide, which is end-pumped from both end faces by max. 2 × 345 W. The input beam is shaped to an elliptical profile and folded through the amplifier crystal with seven passes. For the amplifier resonator two plane mirrors are used to efficiently extract the stored power in the slab crystal by expanding the beam by its divergence in slow-axis. The output power at 2.67 W seed power is 200 W at 1 MHz repetition rate, corresponding to a pulse energy of ∼200 μJ. By clocking down the MOPA seed source to a 500 kHz repetition rate at 2.31 W seed power an output power of 160 W is achieved without parasitic lasing. For the 10.7 MHz oscillator an output power of 254 W with 33% o-o efficiency is achieved, which is the highest reported power from a single Nd-based amplifier [44] . With a second Innoslab amplifier stage using a 20 mm × 1 mm × 15 mm Nd:YAG slab crystal pumped from both end faces, an output power of 395 W is achieved. The o-o efficiency of 20.3% of the 1-pass booster amplifier can be further improved by tuning the seed source to the amplification bandwidth of the Nd:YAG slab crystal or by using a Nd:YVO 4 crystal as gain medium.
2) Low Repetition Rates: For laser ablation of human tissue in medical surgery, picosecond pulses at 532 nm are advantageous, especially if the tissue is placed in water with a high ion concentration. The short pulse duration reduces the thermal load in the human body, and the absorption of radiation at 532 nm by salt water is smaller compared to radiation at 1064 nm. The objectives for an adequate laser source are energies >1 mJ at 532 nm and pulse durations <50 ps at repetition rates >10 kHz. An appropriate Innoslab-based MOPA has been developed [45] .
The seed source consists of an oscillator and regenerative amplifier delivering pulses of 0.17 mJ energy and 10 ps duration (HighQ, PicoRegen). The pulse duration of the oscillator is adjusted to 25 ps using an etalon. The pulses are amplified with a two-pass Innoslab amplifier comprising a 12 mm × 10 mm × 1 mm Nd:YVO 4 crystal pumped from one end face. Nonlinear effects are prevented by the short amplification path. At 203 W pump power a pulse energy of 1.9 mJ at 10 kHz repetition rate is achieved in a very simple and compact setup, at the expense of a reduced o-o efficiency of 9%. Frequency conversion to 532 nm with a 5 mm × 5 mm × 18 mm LBO crystal (Type II at 35°C) to 1.6 mJ pulse energy was performed (Fig. 15) .
For a different application even higher pulse energies with a duration of some 100 ps are needed. Indeed, the biological and medical sectors have a great interest in tabletop XUV or soft-X-ray sources for microscopes in the "water window" (spectral range 2.3-4.4 nm) for organic samples. Laser produced plasma sources for the generation of XUV radiation demand compact laser systems with pulse energies in the order of 100 mJ, pulse durations of 500 ps to 3 ns for high conversion efficiency and repetition rates >1 kHz to achieve short exposure times in the range of a few 10 s. A MOPA system consisting of a diodeseeded regenerative amplifier (DSRA) in rod geometry [46] and a chain of four Innoslab power amplifier stages meets this demand (Fig. 16 ) [47] . The DSRA generates pulses with an energy up to 3.5 mJ and up to 7 W average power at diffraction limited beam quality. The pulse duration can be varied between 250 ps and 1.5 ns. Pre-pulses, which are characteristic for the regenerative amplifier, are amplified disproportionately high in the amplifier chain compared to the saturating main pulse due to the high small signal gain. This significantly worsens the contrast ratio of the entire MOPA. Hence the DSRA's contrast ratio of ∼1:1000 is improved by an additional extra-cavity Pockels cell and polarizer. The losses of isolating and pulse picking devices reduce the input seed energy to the Innoslab amplifier chain to about 2.3 mJ.
Slab1 serves as a four-pass pre-amplifier with two plane resonator mirrors. In the fast-axis the beam of the DSRA is transformed by cylindrical lenses to match the gain volume of the 20 mm × 15 mm × 1.6 mm Nd:YAG crystal. To isolate the high gain of Slab1 from the rest of the system, an optical isolator is used. To pass through the Faraday isolator, the elliptical output of Slab1 is transformed by a cylindrical telescope. Behind the isolator the beam is adapted with a second cylindrical telescope to fill the crystal and to extract the stored energy of the booster amplifier Slab2 in one single pass.
Behind Slab2 the polarization is rotated by 45°with a wave plate. A subsequent polarizer splits the beam into two beams, which propagate through Slab3a and Slab3b. Afterwards the two beams are superimposed by noncoherent polarization coupling.
Pulses with a duration between 250 ps and 1.5 ns have been amplified with a single linear chain of three slab amplifiers and with polarization multiplexing on the final stage. With the linear three-stage amplifier chain a total average power of 236 W at 2 kHz and 175 W at 1.3 kHz is achieved, resulting in pulse energies of 118 and 136 mJ respectively. With four amplifiers and polarization multiplexing in the last stage, a total power of 320 W is achieved, resulting in a pulse energy of 160 mJ (2 kHz). The peak power is >500 MW, the beam quality is M 2 < 1.3 × 3.5 and the contrast ratio between amplified prepulses of the DSRA and the main pulse exceeds 500:1. All parameters such as power, pulse duration and pulse shape are adjustable via software. Second harmonic generation with one linear amplifier chain has been demonstrated with a conversion efficiency of >50%. At present two lasers are integrated into plasma sources for X-ray microscopy [48] [49] [50] . One system is the one described above, whereas the second system is a threestage amplifier chain without polarization multiplexing with a 1.3 kHz repetition rate.
D. fs-Amplifier 1) Design Considerations:
To amplify fs-pulses, i.e. pulses with pulse durations <1 ps laser crystals with a sufficient amplification bandwidth are essential. For average powers of more than 100 W, Yb-doped laser materials have become established. The main reasons are the availability of high power and high brightness diode lasers in the wavelength range of λ p = 940−980 nm, the high efficiency and the low waste power. Because of the quasi-3-level energy scheme, pump intensities throughout the gain volume in the order of the saturation intensity of the pump radiation I sat (λ p ) are essential.
Since 2007 diode lasers have been developed to such an extent that Innoslab amplifiers based on Yb:YAG can be pumped efficiently. Among ytterbium-doped laser crystals, Yb:YAG provides the highest emission cross section σ e = 2 × 10 −20 cm 2 , the lowest saturation intensity I sat (λ p ) = 28 kW·cm −2 at the pump wavelength, the best optical quality and a high heat conductivity K = 8.6 W·m −1 ·K −1 (2% doping), but the lowest emission bandwidth Δλ 5 nm as well. Some of the experimental results with Yb:YAG are summarized in Table III .
The basic layout of Yb:YAG Innoslab amplifiers is dominated by its quasi-3-level nature. At room temperature the population of the lower state absorbs laser radiation at the lasing wavelength of λ l = 1030 nm. A pump intensity of ∼7 kW · cm −2 is necessary to attain an amplification of one. The pump intensity has to exceed this threshold intensity by many times in order to take advantage of the otherwise excellent efficiency and gain of Yb:YAG.
Yb:YAG Innoslab amplifiers are pumped at an intensity of I p = 30 − 60 kW · cm −2 , which is almost completely absorbed in the gain volume. The pump intensity in combination with a heat fraction η h = 0.1, thermo-optic coefficient χ = 1 × 10 −5 K −1 [61] and heat conductivity K = 8.6
(2% doping) determines the focal length of the cylindrical thermal lens f th = 14-28 mm (1). When gain-guiding is neglected, the focal length limits the length of the hybrid resonator with plane mirrors in fast-axis to < 4f th . In all the amplifiers realized, an approximate confocal setup in the fast-axis is used for a broad stable operation range and a moderate intensity on the resonator mirrors. These objectives determine the resonator length of about 35 mm, the height of the pumped volume 2w s = 200 μm ( radiation with a circular beam profile has to be mode matched to the amplifier only in fast-axis. Bandwidth-limited pulses are achieved with an appropriate seed source. When the narrow emission bandwidth of Yb:YAG is taken into account, pulse distortions by dispersion during amplification can be neglected. The B-integral inside the amplifiers limits the repetition rates to ν rep > 10 MHz or pulse energies of ∼50 μJ at pulse-durations <1 ps. At these parameters spectral broadening due to selfphase modulation becomes distinct at B-Integrals of ∼3. Higher pulse energies are feasible at the expense of efficiency or pulse duration. Employing chirped pulse amplification enables pulse energies of ∼10 mJ or even higher [62] . In Fig. 17 a typical amplifier setup for ultra-short pulses is depicted, which is based on the two-stage Innoslab amplifier described in [54] .
The first amplifier stage is completely enclosed (Fig. 18 ) and can be remotely controlled to protect the highly loaded optical elements (10 10 W · cm −2 peak) from the environment, enabling stable daily operation for months and elimination of beam fluctuations. The total footprint of the complete MOPA system is 1.5 m 2 . Compared to reference [54] the beam quality is greatly improved up to M 2 = 1.42 × 1.12 ( Fig. 19) due to a good beam quality of the seed source, proper matching of the input beam parameters and a new design of the slab crystal heat sink.
Two amplifier stages with Yb:YAG crystals of dimensions 10 mm × 10 mm × 1 mm pumped double-pass from both end faces are used to amplify the seed radiation in seven passes for the first amplifier stage and one pass for the second. A slab isolator is integrated between the amplifier stages, containing a TGG crystal of dimensions 12 mm × 14.3 mm × 1.5 mm. The slab-shaped isolator crystal and one-dimensional heat flow improves the thermal management by a factor of approximately 10 compared to a crystal rod. The reasons are the same as for the gain medium (Section III-A). Thereby, the slab isolator sustains a kilowatt of average power at 35 dB isolation and >97% transmission without beam quality deterioration. The output of the first amplifier stage is imaged into the isolator and the isolator into the second amplifier stage, adapting width and height of the beam profile by cylindrical lenses and ensuring a similar beam path inside the crystals. The location of the isolator between the amplifier stages ensures a high overall efficiency and effective protection of the system due to the low gain of the last stage. The loss of 7% power in Fig. 17 is made up of about 3% loss at the isolator, 2% depolarization of the first stage and 2% at seven lenses of the imaging optics.
The seeder is a commercial fiber-laser system (Menlo Systems) adapted to the center wavelength and bandwidth of Yb:YAG, an adjustable repetition rate of 10-100 MHz and the option to stabilize repetition rate and carrier-envelope offset frequency. For maximum efficiency, good beam quality and low ASE, the output is further amplified and spatially filtered in an end-pumped double-pass Yb:YAG rod type amplifier. Innoslab amplifiers are sensitive to pointing of the seed source of more than 10% in the beam divergence. Therefore, an active stabilization of the beam pointing (TEM Messtechnik) is located directly in front of the first Innoslab amplifier. This is necessary due to thermal issues of the fiber and most other commercial laser front ends, most notably systems incorporating a CPA.
3) Spatial Filtering: The beam quality of M 2 ∼ 1.4 in slowaxis is a representative value for an Innoslab MOPA system as seen in Fig. 17 . The characteristic sinc-like diffraction patterns in the far-field cannot be suppressed by alignment only (Section III-C). They arise by cropping a small amount at the margins of the out-coupled light field, resulting in a pronounced modulation of the light intensity in the far-field, although the overlap with a fundamental mode remains very high. The diffraction patterns can be quite disruptive for precise micromachining or by heating optics in the application beam path. By spatial filtering in the slow-axis far-field of the Innoslab amplifier, the diffraction pattern can be removed and beam quality improved with only small power loss.
A typical setup of such a system is depicted in Fig. 20 . The MOPA is the same as in Fig. 17 , but the repetition rate is decreased to 10 MHz and the average output power to 580 W at the same time to limit the B-integral to a safe level. The spatial filter is realized as a high-reflective mirror with a 320 μm slit in the focal plane of a cylindrical lens of 500 mm focal length behind the second Innoslab amplifier stage (Fig. 22) .
By clipping 9% of the power, the beam quality is improved in the slow-axis from M 2 = 1.35 to 1.17. The beam profile is smooth and diffraction patterns are absent in the filtered beam ( Fig. 21) . Since the spatial filter is implemented by a slit in a dielectric mirror, it can be easily aligned and the aperture withstands the full average power, no matter if the beam hits the middle, edge or outside the slit.
The slit mirror is manufactured by Inverse Laser Drilling. In this patented process [63] , the uncoated mirror substrate is placed on a vertically movable translation table with the mirror surface facing upwards. The laser beam is focused through the top surface onto the bottom surface of the bulk. The beam is deflected by scanning mirrors in the horizontal plane; this way the slit geometry's bottom layer is ablated. By moving the translation table and ablating layers step by step the entire slit geometry can be ablated or "drilled". To take the beam divergence into account, the slit is undercut with an angle of 8° [64] .
4) Pulse Compression:
For some applications such as high harmonic generation [65] or material processing [66] shorter pulse durations than those supported by Yb:YAG are worthwhile. Basically active media other than Yb:YAG can be used to achieve shorter pulse durations. Such a material ideally combines the excellent thermo-optical properties for high average power and large emission cross section for high gain of Yb:YAG with a broad amplification bandwidth. Unfortunately, the product of emission cross section, lifetime of the upper state and bandwidth is roughly invariant. The penalty for higher bandwidth is lower gain, thereby a higher number of passes or lower efficiency of the Innoslab amplifier. This can be tolerated to some extent; Yb:Lu 2 O 3 is a promising material, which has a 1.5 times broader emission bandwidth than Yb:YAG [67] , but similar thermo-optical properties. Pulses <500 fs are feasible, but pulse durations <200 fs cannot be addressed by Innoslab amplifiers directly and requires an OPCPA or nonlinear pulse compression unit.
The nonlinear pulse compression consists of a nonlinear medium for spectral broadening by self-phase modulation and a dispersive compressor to compensate the resulting chirp. Most common is a fused silica fiber for the nonlinear medium. But damage of the fiber by catastrophic self-focusing limits the pulse peak power to P crit ≈ 6 MW. This corresponds to a pulse energy of E ≈ 5 μJ for pulses with τ p = 850 fs. Pulses with 680 fs and ∼2 μJ at 20.8 MHz repetition rate of a 1-stage amplifier system are spectrally broadened to a spectral width of Δλ ≈ 80 nm in a LMA fiber of 7.1 cm length [67] . The pulses are compressed with chirped mirrors with an accumulated GDD of −6000 fs 2 to τ p = 35 fs. The transmission of the complete compression unit is about 60%, leading to a pulse energy E ≈ 1.2 μJ. For pulse compression with higher pulse energies, a nonlinear medium with a higher critical power is required. Gas-filled hollow-core fibers can be used for energies above ∼200 μJ [68] .
For pulses with an energy of 5 μJ < E < 200 μJ a new compression scheme was demonstrated using the 2-stage Yb:Innoslab amplifier system [69] . Here the spectral broadening is split up into 38 passes, each having a beam diameter of w 1.1 mm inside 20 mm of fused silica. Between the passes in fused silica, the beam propagates in air, hence critical self-focusing is prevented [69] . A chirped mirror compressor is used to compensate the chirp. With the Innoslab amplifier system described above, the pulse duration is compressed from τ p = 830 fs to τ p < 170 fs at a spectral bandwidth Δλ ≈ 13 nm (Fig. 23) . Pulses with a pulse energy E = 37.5 μJ are achieved at an average power of P = 375 W and a beam quality factor of M 2 = 1.38 × 1.33 behind the nonlinear compression. The transmission of the compression unit is 91%.
VIII. CONCLUSION
Innoslab amplifiers find various applications in industry and science. Parameters range from single-frequency operation to ultrafast pulses.
They hold their ground in a competitive environment of other laser concepts having great strengths but weaknesses as well, because of their well-balanced properties in the 10-1000 W output power range. Their very good thermal management and the single-pass amplification, comprising beam expansion during multiple passes through the crystal stands out in particular. Innoslab amplifiers match the emission characteristics of high power diode lasers, thereby permitting high pump intensity, gain and efficiency. Short beam propagation distances in the laser crystal keep self phase modulation, stimulated Brillouin scattering, Raman scattering and dispersion low.
Innoslab amplifiers are advantageous wherever good beam quality, spectral properties, efficiency or a compact setup are essential. Innoslabs typically amplify cw radiation, pulses at arbitrary repetition rates and pulse trains of fs to ns pulse duration by a factor of 10-1000 up to some 10 mJ pulse energy and 100-1000 W output power. Pulse energy up to the Joule level at amplification factors of 10-100 and 10-100 W average power are addressed by pulsed pumped Innoslab amplifiers. The concept can be adapted to a broad range of laser materials, including exotic ones.
Innoslab amplifiers are technically mature, but still not fully exploited. Novel amplifier resonators offer a gain of up to 10 5 in one amplification stage. The increase in brightness of diode lasers enables a new generation of simplified and even more compact amplifiers. Up to 5 kW average power, a few Joule pulse energy or 100 GW peak power are conceivable, if demanded by applications and the market.
